ABSTRACT: Quirks are exotic particles charged under a new confining gauge group that can give rise to unique collider signatures, depending on their vector-like mass, quantum numbers, and the confinement scale. In this work, we consider the possibility that quirks produced at the LHC lose all of their kinetic energy through ionization loss before escaping the detector, and annihilate at a time when there are no active pp collisions. We recast an existing CMS search for out-of-time decays of R-hadrons to place new limits on quirk parameter space. We propose several simple modifications to the existing out-of-time search strategy that can give these searches sensitivity in regions of quirk parameter space not covered by any existing or proposed search strategy.
Introduction
The large hadron collider (LHC) has set impressive limits on many different models, but thus far has discovered no unambiguous signs for new physics beyond the Standard Model. One place where new physics could be hiding is in exotic detector objects, such as long-lived particles, which can arise in a variety of models, e.g. [1] [2] [3] [4] [5] . Long-lived particles and other exotic states will generally evade detection unless searches are designed to look for the specific signatures characteristic of these particles [6] [7] [8] [9] [10] [11] [12] [13] . Such dedicated searches at CMS, ATLAS, and LHCb are beginning to probe these regions of parameter space as well (see e.g. [14] [15] [16] [17] [18] [19] [20] [21] [22] ).
Quirks are one type of long-lived particle that has proven particularly difficult to probe with the existing LHC search program [3] . Quirks are exotic fermions Q charged under a new confining SU (N ) gauge group, referred to here as infracolor (IC). The lightest quirk has a vector like mass m Q that is assumed to be much larger than the confinement scale Λ IC . This hierarchy of scales implies that when the constituents of a QQ pair are separated, the quirks remain connected by a macroscopic gauge flux tube [23] [24] [25] , referred to as the string, which imparts a constant force on the quirks, | F | ∼ Λ 2 IC . Since the local energy density stored in the string is set by Λ IC , it is never enough to pull new QQ pairs out of the vacuum, and therefore the string will not break. If the quirks additionally have standard model charges, the quirks on the end of the string can be produced at the LHC and interact with the detector. Quirks that are produced have a characteristic length scale for the string,
which allows for quirks with different values of m Q and Λ IC to give rise to a wide variety of possible collider signatures [3] . For length scales less than the detector resolution ( 100 µm), the signature is a straight, highly-ionizing track, which has been searched for at D0 [26] . Over a wide range of confinement scales, mono-jet searches [27, 28] can constrain quirks because the sparse collection of hits that quirks leave in the detector are not typically reconstructed by the tracking algorithm [29] . For length scales larger than the detector size ( 10 m), where the effect of the string force is minimal, heavy stable charged particle (HSCP) searches [30] are able to place stringent limits on quirks [29] . A proposal to look in the monojet sample for coplanar hits that are unmatched to tracks may cover intermediate length scales (1 mm 1 m) [31] . These efforts are only the first steps made in accessing the variety of novel quirky signatures that could potentially be discovered at colliders.
Another possible search strategy is to target those quirks that stop within the experiment due to interactions with the detector material, then annihilate out-of-time with the active pp collisions. These produce the novel signature of energy deposits in the calorimeters when no collisions are taking place. Searches for stopped particles or out-of-time decays already exist at both ATLAS [32, 33] and CMS [34] [35] [36] . These searches were designed to search for R-hadrons, long-lived colored supersymmetric particles, such as the gluino or stop, that hadronize, lose their kinetic energy through material interactions, and then decay long after production [37] . These out-of-time searches are always less sensitive than searches for R-hadron tracks (HSCP searches), although the out-of-time approach could provide valuable information about the lifetime of a heavy superpartner discovered in a HSCP search.
However, the out-of-time annihilation of quirks exhibits substantially different properties than the out-of-time decay of an R-hadron. In particular, quirks are typically produced more forward and annihilate into significantly more visible energy than an R-hadron of the same mass would. We will show that simple modifications to the existing search efforts that capitalize on these features can greatly enhance sensitivity to quirks. In particular, the kinematics of quirks make them a perfect target signature for the new CMS endcap calorimeter that will be installed for Run IV [38] .
In this paper, we recast the 13 TeV search at CMS for the out-of-time decay of stopped particles to place new limits on quirks. This paper is organized as follows. In section 2, we will discuss the production of quirks and their energy loss in the CMS detector, with simulation details discussed in appendix A. The resulting out-of-time annihilation and trigger efficiency is discussed in section 3. The results of recasting existing searches are presented in section 4. In section 5, we discuss improvements to the out-of-time search strategy that can greatly enhance sensitivity to quirks across a broad range of confinement scales. In appendix B, we discuss energy loss mechanisms that are relevant for quirk pairs for short string lengths where ionization energy loss no longer applies.
Quirk Motion within the Detector
Quirks with Standard Model quantum numbers can be pair produced in LHC collisions through QCD or Drell-Yan-like interactions. In this work, we will focus on two different cases of quirk standard model gauge quantum numbers: quirks charged as a right-handed charged lepton and as a right-handed up-type quark. In (SU(N ) IC 
together with the corresponding vector-like anti-particle. We will consider the specific case where the infracolor gauge group is SU (2), since this will lead to the most conservative constraints. Larger groups lead to larger production cross-sections (σ ∝ N ), and lower branching fractions into invisible infracolor glueballs (see section 4 for more details). In both the E and T models, a pair of quirks with opposite electric charge is produced, and these propagate through the detector under the influence of the infracolor string force. In the T model, the quirks also undergo hadronization due to QCD color interactions, forming hadrons that could be charged or neutral at the ends of the string. 1 To handle these effects, we modified Pythia 8 [39] to allow for a wide range of quirky hadrons to be formed. For simplicity all possible quirky hadrons are assumed to be detector stable, which is supported by spectrum expectations from HQET [40] . The quirk pairs are produced in a bound state with a highly excited radial mode and low angular momentum. In the lab frame, we can view the quirk system as having three separate components to the total energy,
2) the rest mass of the two quirks, the internal energy, and the center of mass energy. The invariant mass of the quirk pair system is m int = 2m Q + E int . The internal energy E int begins as kinetic energy, but it is turned into potential energy stored in the string as the quirks move apart. As the quirks oscillate, this internal energy moves from kinetic energy of the particles to potential energy in the string and back again. The center-of-mass energy E cm is the kinetic energy contributing to the bound state's motion through the detector, i.e. in the quirk pair rest frame the center of mass energy is zero. A charged particle moving through matter will lose energy via Bethe-Bloch ionization loss [41] , see Fig. 1 . Since we are primarily concerned with particles losing all of their energy rather than the energy deposited in individual detector systems, it is reasonable to consider the mean energy loss dE dx rather than the most probable energy loss ∆ p . We also use a continuous friction approximation rather than sampling the energy loss from a Landau distribution. These approximations make the propagation code computationally efficient, and are not expected to change the qualitative results. The specifics of our CMS detector simulation are described in appendix A.
For colored quirks, nuclear interactions can provide an additional source of energy loss, and allow for charge flipping to occur within the dense calorimeters. Generically, the inclusion of these effects ultimately results in a larger stopping fraction than the case of ionization loss alone [32] . For The average ionization loss of a charged particle moving through solid copper as a function of
The Bethe-Bloch and Lindhard-Scharff regions are well predicted by theory [41] . The Anderson-Ziegler region is an interpolation from data, and the gray bands denote the interface between these regions.
this study, we conservatively neglect nuclear interactions. QCD hadronization takes place independently for each quirk in a pair, and can result in either electrically charged or neutral quirky hadrons connected by an infracolor string. In this approximation neutral quirky hadrons do not lose energy in the detector.
The quirk motion is additionally affected by both the infracolor force due to the string and the magnetic field in the detector. While no energy is directly lost through these mechanisms, the modification to the quirk motion through the material greatly alters how much energy is lost overall. The infracolor force is [3] 
whereŝ is the direction of the string connecting to the quirk, and v and v ⊥ are the velocity of the quirks defined with respect toŝ. In simulating the quirk propagation, we make the simplifying "straight-string approximation" which assumes that in the quirk pair rest frame the string is straight and points between the two quirks so thatŝ ∝ ( x 1 − x 2 ). As the quirks begin with no relative angular momentum and typically acquire very little relative to the overall excitation of the system, retarded time corrections can also be safely neglected. The net equation of motion governing the propagation of each quirk is then
where q i is the charge of the quirk or quirky hadron, and the strength of the magnetic field in the barrel and end caps is approximately matched to data [42] . In the case of low confinement scales (Λ IC 150 eV), the dE dx value in the Anderson-Ziegler peak ( Fig. 1) can be greater than |F IC | (1 GeV/cm = (140 eV) 2 ), so that once the quirk velocity falls below this peak, the quirks have a terminal velocity β max 10 −2 . For larger confinement scales, there is no terminal velocity and the quirks will oscillate freely. For these large confinement scales, the characteristic length is short enough that the quirks will typically undergo many oscillations during their motion through the detector. These oscillatory trajectories result in the quirks moving through more material over a much longer period of time than would be observed with a typical heavy stable charge particle. This effect is amplified when E int E cm . Also, because charged particles lose more energy when they move slowly (see Fig. 1 ), and quirks tend to be moving slowest when the internal energy is stored entirely in the string, energy is lost more quickly from the center-of-mass kinetic energy than from the internal energy Eq. (2.2). As a consequence, the quirks will often lose their center-of-mass energy while still having a fairly large internal energy remaining, so that they oscillate back-and-forth within the detector before annihilating. All of these effects work to increase the likelihood that the quirk pair will stop within the detector and annihilate out-of-time. 2 In Fig. 2 , we show the percentage of the E -like quirk pairs produced in 13 TeV collisions that stop within the CMS fiducial volume, which includes both the ECal and HCal detector systems for pseudorapidity |η| < 1.0. At Λ IC ∼ 10 eV, the characteristic separation length is of order 1 km, so the infracolor force does very little to impede the quirks, and they effectively need to stop independently within the detector before slowly drifting toward one another at their very low terminal velocity. 3 As the confinement scale increases, the infracolor force is more effective at slowing the quirks, and the characteristic length becomes of order the detector size, so the probability for a pair to stop rises. Above Λ IC ∼ 100 eV, the quirks no longer achieve a terminal velocity within the ECal. Above Λ IC ∼ 150 eV, the quirks no longer have a terminal velocity in the HCal. The efficiency briefly drops as the dense iron return yoke of the muon system continues to provide a terminal velocity, slightly reducing the likelihood that quirks will stop in the calorimeters. At large confinement scales, Λ IC 300 eV, the probability for the quirks to stop does not change appreciably with increasing confinement scale. This is because the energy loss over one oscillation has a minimal impact on the quirk trajectory and each quirk travels approximately the same amount of distance independent of the confinement scale. 4 The details of where these transition regions occur is in part a product of our CMS simulacrum, a more realistic treatment would surely induce small shifts in the precise value of these peaks and dips, but the qualitative features are expected to remain intact.
Out-of-Time Annihilation
Out-of-time decay searches capitalize on the timing (bunch train) structure of the LHC beams in order to achieve low backgrounds. The LHC ring at a given time consists of 3564 distinct 25 ns bunch crossing windows [43] [44] [45] . In a typical fill of the ring, roughly two thirds of the bunch windows are occupied with colliding bunches, one third are empty, and a few contain collisionless bunches. The CMS search looks within empty bunch windows that are at least two bunch crossings away from any colliding or non-colliding bunches.
For 2015-2016 data, most of the colliding bunches were chained together within a densely packed "batch" of ∼ 50 sequential bunches with no empty bunches in between them (see [43] [44] [45] for more details). Between each batch, there is a gap of roughly 8 empty bunch crossings. After typically 2 to 4 batches, there is a larger injection gap of ∼ 40 empty bunch crossings. Lastly, there is a single large abort gap in the beam of ∼ 120 empty bunch crossings. The specifics of the bunch train filling scheme varies frequently during LHC running [45] . For the purposes of this study, we consider the exact pattern for the three largest fill schemes during 2016 that make up most of the data. We determine as a 2 One potential effect not considered here is whether positively charged quirks can reliably strip electrons and become a neutral state. This effect is small for other particles, but quirks can briefly assume a low velocity while still having a lot of energy to lose, which may increase this likelihood. On the other hand, the infracolor force itself may eject bound electrons. 3 At confinement scales even lower than this, the quirks can bind with the lattice and may never annihilate [3] . 4 Due to the computational feasibility of modeling the propagation when oscillation length gets very small, we only model confinement scales up to ΛIC = 1 keV. We verified up to ΛIC ∼ 10 keV that the stopping location and time is not appreciably perturbed from the 1 keV value. function of true displacement the probability for a quirk pair annihilating at time t − d/c to annihilate within an empty bunch window. The results are shown in Fig. 3 . For decay times larger than 4 µs, we assume the average probability to decay within an acceptable trigger window, which is 21%. As the other fill schemes that are not used in this study typically are less densely packed, this value is conservative.
The annihilation of a quirk pair takes place in several stages. After production, each quirk in the pair will first propagate through the detector subject to the string force, magnetic field, and frictional forces from ionization energy loss. We consider events where these effects combine to stop the quirks and bring them to rest inside the detector. The quirk pair will then de-excite and annihilate. The total time needed for this is therefore
For the purposes of this study we will approximate τ tot τ stop , and assume that all other processes are rapid. The energy loss of a quirk pair becomes difficult to model when the size of the quirk pair is smaller than atomic sizes. In appendix B, we estimate the time to de-excite due to several mechanisms: electromagnetic radiation, infracolor interactions, and electric currents induced in the material by the oscillating dipole. These estimates support the assumption above for most of the parameter space. We emphasize that the assumption that the de-excitation process is prompt is a conservative one, since increasing the time to annihilation will make the search more sensitive, as long as the de-excitation time is shorter than 10 4 seconds [34] , as is strongly suggested by multiple energy loss mechanisms considered in appendix B.
Our simulation of the quirk propagation determines τ stop , the time it takes for the quirk pair to come to a stop within the detector with a separation of ∼ 1Å, and with negligible center-of-mass momentum. This time is sensitive to the confinement scale if a terminal velocity can be achieved, but is independent of the confinement scale for Λ IC 300 eV. This stopping time for E -like quirks with m E = 500 GeV and several choices of confinement scales is shown in Fig. 4 . 
T'
Dashed 500 GeV 1000 GeV 1500 GeV Figure 4 . Left: Distribution of the time for E -like quirks at 500 GeV to stop within the CMS fiducial region for several quirk confinement scales. For confinement scales above about 300 eV, the distribution does not change appreciably with increasing confinement scale. Decreasing the confinement scale once terminal velocities are achieved (see section 2) decreases the terminal velocity greatly, thus increasing the time to stop. The time to annihilate after stopping is conservatively assumed to be much quicker. Right: Probability for quirks that stop in the CMS fiducial region to annihilate during a triggerable bunch window (at least two bunches away from filled bunch windows). If the quirks can achieve a terminal velocity in the material, then the trigger percentage approaches the maximum of 21%. For Λ IC 300 eV, the percent satisfying the trigger is fairly flat in Λ IC , but increases with increasing mass due to the slower motion of the particles.
After the quirk pair's internal energy has been depleted, the pair will drop into a low-lying "quirkonium" bound state with a binding energy [46] ,
which is at most a few GeV. The decay of these bound states is prompt, with lifetimes of τ decay ∼ m
Limits on Quirks
Our signal comes from quirk annihilation to jets, photons, or electrons. We assume that other modes do not contribute to our signal. The relative probability into the major decay channels in the T model are [3] gg : jj : IC = 32 27 α 
where n f = 6 is the number of quark species and
Across the parameter space of interest, this results in a subpercent level branching fraction into the invisible infracolor glueballs. ) with a confining SU(2) IC force. The limits from the existing CMS out-of-time search [34] are shown in solid red. Projected limits at 300 fb −1 using a naïve extrapolation where an identical search strategy with the same acceptance is shown in dashed red. A hypothetical optimization of the search where the entire calorimeter is included, |η| < 3, and backgrounds are reduced to zero, e.g. via higher energy thresholds, to illustrate the possible sensitivity achievable through this method is shown with the dotted red line. Limits from HSCP and monojet searches [29] are shown in green and blue, respectively. The proposed planar hit search [31] is shown in purple for 300 fb −1 . The limit on E -like quirks from D0 [26] is shown in gray.
The E model on the other hand has important "invisible" decays into infracolor glueballs, muons and neutrinos. The relative probabilities are [3] γγ : ff : IC = 2α
where c 2
Z,A ) 2 is the combined γ * /Z * coupling of the quirks to standard model fermions. These relative branching fractions result in a 40-65% visible decay rate across the parameter space of interest.
Before the quirks reach the beam pipe, they are propagating in vacuum in a state with angular momentum J ∼ 1. They therefore lose energy due to infracolor glueball emission. As shown in [3] , for highly excited states the rate of glueball emission is inversely proportional to the classical crossing time, which we model by assuming that there is a probability emit to emit O (Λ IC ) of energy through infracolor glueballs in one classical crossing time. Infracolor glueball emission also changes the angular momentum of the quirk pair by ∆J ∼ ±1, effectively giving rise to a random walk for the angular momentum vector in space. Because this random walk is in 3 dimensions, it effectively prevents re-annihilation until the quirk pair loses all its energy. 5 The distance the quirk pair can travel in vacuum is therefore
where L cross is the typical lab frame length traversed in one oscillation, N cross is the number of oscillations required for the quirk pairs to lose all of their internal energy, γ 0 = m int /(2m Q ) is the boost factor of the quirks in their center-of-mass frame, γ cm = E tot /m int is the boost factor of the quirk system in the lab frame (see eq 2.2). For simplicity, we assume that emit = 0.1 and require that the quirk pair reaches the beam pipe (1 cm transverse) prior to saturating the annihilation length. 6 The CMS search requires a calorimeter jet with E > 70 GeV and |η| < 1.0 at least 2 bunch crossings away from pp collisions. To better reject cosmic muon backgrounds, CMS imposes a veto on a variety of drift tube (DT) patterns (12.3% of events). To reject beam halo muon backgrounds, the CMS search additionally vetoes events with any cathode strip chamber (CSC) segments having at least five reconstructed hits (5.6% of events). We include both of these vetoes as a fixed percentage reduction of our signal efficiency.
While the reconstruction efficiency for visibly decaying quirks, which give two back-to-back high-energy objects, is expected to be a bit better than for R-hadrons, where half of the energy goes invisibly, we conservatively use the energy dependent function for the gluino from Ref. [34] that quickly asymptotes to 55% for our masses of interest.
In Fig. 5 , we show in shaded red the limits from the out-of-time search for E -like and T -like quirks (left and right, respectively). The recast limits from monojet and HSCP searches [29] are shown in blue and green, respectively. 7 For E -like quirks, we include the limit from the D0 (in gray) [26] . Via dashed lines of the same colors we show projections to 300 fb −1 , adding (in purple) the projections for the planar hit reconstruction proposal [31] . We note that the dashed red lines illustrating the out-of-time decay search assume both the search and bunch train patterns remain identical in the larger dataset. The dotted red lines assume zero background and expands the calorimeter range out to |η| ≤ 3, which should be viewed as a realistic achievable sensitivity under some simple modifications to improve the stopped particle search that will be discussed in the next section. 5 Ref. [3] modeled this with a 1-dimensional random walk, and therefore concluded erroneously that there was an appreciable probability for quirks in vacuum to annihilate before losing all their energy to infracolor glueball emission. 6 It is possible that some of our quirks which in simulation did not stop in the fiducial region of the detector now would due to the additional energy loss prior to reaching the beam pipe. This effect should be qualitatively unimportant and subdominant to the sensitivity of changing the unknown emit parameter. 7 For the monojet limits, we estimate the reduction in sensitivity at high confinement scales due to annihilations within the beampipe Eq. (4.4). The monojet constraints die off at larger confinement scales than the stopped particle limits as the fraction of the sample that meets the monojet requirements are typically more boosted and more likely to escape the beampipe. We assume that limits on quirks below mZ /2 remain robust. Any modifications to the efficiency due to the presence of a straight, highly-ionizing track have not been addressed. . Dashed lines display the fraction that stops in the entire calorimeter out to |η| < 3.0. Dotted lines display the fraction of quirks that stop anywhere in the CMS detector (mostly in the muon system). As the mass of the quirks increases, the fraction that stops also increases.
Improving Sensitivity to Quirks
At the LHC, the kinematics of quirks are very different than those of R-hadrons. In this section, we will discuss several simple changes to the search strategy that can greatly improve the sensitivity to quirks. First, the quirk pair system tends to be produced at very high η. This is because any nonzero p T of the quirk pair requires that it recoil against another hard object, typically a jet. Generally, the distribution peaks around η ∼ 3, achieving higher values for lower quirk masses, while colored production tends to be a little less forward. This is in contrast to R-hadrons, which are produced centrally. The |η| < 1.0 cut applied in the CMS search is heavily impacting the signal efficiency. While it is also true that quirks in the far forward region will often have a higher E cm (reducing the likelihood that they will stop), the net effect of including the full calorimeter is about a factor of three enhancement in signal acceptance, see Fig. 6 . Additionally, quirks that stop in the forward region tend to take longer to stop due to the additional distance traversed at rather low velocities, which make them more likely to fall within a triggerable window at large confinement scales. On the other hand, beam halo backgrounds are expected to be much larger in this region, and the CSC veto used at CMS may no longer be sufficient. Imposing a large enough energy threshold for the signal in this region may be sufficient to suppress these backgrounds, but detailed experimental study would be required.
Second, while the visible energy emitted in an R-hadron decay is expected to be E m R 2 , annihilating quirks deposit E ∼ 2m Q into the detector. Especially in the case of T -like quirks, this exceptionally high energy deposit should improve available triggering options. In other words, ∼ 2 TeV of energy appearing in a few cells of the calorimeter is typically sufficient for triggering purposes even within an active bunch window. Additionally, as evidenced by the ATLAS stopped particle search at 8 TeV [32] , the use of signal regions with higher energy thresholds greatly reduces beam halo backgrounds and substantially reduces cosmic muon backgrounds to the point that no events were observed in the signal region with a 300 GeV cut applied to the leading jet energy. Expanding the existing analysis to include multiple signal regions with increasing energy thresholds for background rejection and wider η ranges for enhanced acceptance would potentially allow for a nearly background free search with a very large signal acceptance for quirks. In Fig. 5 , we show via a dotted red line the sensitivity that would be obtained in 300 fb −1 of data with the calorimeter range expanded to |η| < 3 and assuming no background. Any possible additional timing modifications that would affect the fraction of quirks annihilating within a triggerable window have not been included. While the background-free assumption may be overly aggressive, especially in the case of E -like quirks, this curve is meant to illustrate what could potentially be achieved via reasonable modifications to the existing search strategy.
Additionally, CMS is constructing a new endcap calorimeter (1.5 < |η| < 3.0) that would have ∼25 ps timing resolution and individually instrumented layers allowing for finely-grained 4d shower reconstruction [38] . The capabilities of this instrument are perfect for detecting out-of-time annihilation of quirks. It also has the potential to use the unique evolution pattern of annihilating quirks for both triggering at L1 and for reliably distinguishing the quirks from all backgrounds. Moreover, as collisions typically happen only within the first 2.5 ns of a bunch crossing (and the overwhelming bulk of these collisions within a much smaller window of a few hundred ps), this instrument could potentially be used to capture exceptionally large, forward calorimeter energy deposits that are not offset by d/c in time from any collisions, potentially allowing the percent of quirks that would decay within a triggerable window to be O (90%).
Lastly, while many quirks stop within the calorimeters, approximately the same number again are expected to stop in the dense iron return yoke of the muon system, see Fig. 6 . Especially in the case of heavy T -like quirks, back-to-back TeV jets appearing in the drift tubes would look startlingly different than most backgrounds. While we make no effort to construct a search strategy around this possibility, we note that it would be an interesting option for CMS to consider in order to maximize sensitivity to heavy colored quirks. Unlike at CMS, the prospects for detecting quirks that stop within the more sparsely instrumented ATLAS muon chamber are slim.
Discussion
In this work we recast the CMS search for the out-of-time decay of stopped particles and apply it to the out-of-time annihilation of stopped quirks. We find that possible modifications to the search strategy could make an out-of-time search the most effective way of accessing quirks across a very wide range of confinement scales. While multiple assumptions were made throughout this work to facilitate our simulation and recasting, these assumptions should not have a qualitative impact on the basic search improvements proposed here. What is presented here should be superseded by a proper treatment within a sophisticated simulation framework (e.g., GEANT4 [47] ) that is approved by an experimental collaboration. While the existing stopped particle search places constraints competitive with those from monojet searches, a few straightforward modifications to the search strategy used in out-of-time searches could greatly enhance the sensitivity to quirks. The unique kinematics that manifest in quirky systems strongly encourage searches to probe higher pseudorapidities and use higher energy thresholds to beat down backgrounds. Several of the modifications proposed here could allow for out-of-time searches to become the discovery mode for quirks over a large range of confinement scales, whereas in the case of R-hadrons this approach is currently subdominant to the sensitivity obtained with heavy stable charge particle searches. Additionally, in the event an excess were seen in monojets, identifying this excess as originating from quirks rather than the plethora of other possibilities, e.g., dark matter, would rely on either a dedicated search or a complementary excess in a different channel (such as an out-of-time search akin to the one recast in this work).
Although this study focused entirely on the 13 TeV CMS study, ATLAS, which to date only has 7 and 8 TeV results, would be expected to be able to achieve similar sensitivity. The cuts used in the existing searches at the two experiments have some important differences. ATLAS uses a slightly wider central range of |η| < 1.2 with a slightly lower jet energy threshold of 50 GeV. However, they require the signal to appear at least six bunch crossings after all filled selections, which for quirks would result in a substantially lower probability to decay within an acceptable trigger window. To reduce background from detector noise and muons, events where fewer than four calorimeter cells contain 90% of the leading jet energy are vetoed, the leading jet must have a p T weighted width ∆R > 0.04, and at least 50% of the leading jet's energy must be recorded in the barrel hadronic calorimeter of ATLAS. Together, these other important cuts reduce the reconstruction efficiency of their gluino samples considerably relative to CMS. On the other hand, ATLAS has multiple bins with increasing energy thresholds, allowing them to reduce their background, even down to zero observed events in their highest considered energy bin.
One assumption made in projecting the future reach for these out-of-time searches is that the fraction of quirks decaying within a triggerable window will not change substantially from the 2016 fill schemes. This assumption is particularly bold as LHC running has switched dominantly to an 8-4 scheme where eight colliding bunches are followed by four empty bunches. The incarnation of the CMS search recast for this study, which requires the signal to be at least two bunch crosses away from an active bunch, would have an extremely reduced sensitivity to this fill scheme, forcing it to rely entirely on the abort gap for sensitivity. It is important that the search strategy evolves to accommodate this new scheme without drastically reducing the trigger live time. New technologies with precision timing may be able to assist in expanding this live time further.
The out-of-time searches at ATLAS and CMS have the potential to probe quirks across a very large confinement scale range. This approach is complementary to the HSCP searches and could be much more sensitive than monojet searches if the simple modifications to the approach discussed in this work were implemented. Moving forward, we encourage both ATLAS and CMS to consider quirks as a benchmark in their out-of-time decay searches, and to design their signal regions to target these truly exotic particles.
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A The CMS Detector
We approximate the CMS detector as being cylindrically symmetric. As we are not concerned about the specific location of individual hits, but rather the overall energy loss, we break the detector into distinct zones of a uniform medium of the material in question. The Bethe-Bloch function can then be written dE dx
where most of the dependence on the material is contained in the density ζρ m , where ρ m is the density of a solid of the material in question (either silicon, lead tungstate, copper [equivalent to brass], or iron) and ζ( x) ≤ 1 is a numerical factor extracted from material budget studies where available [48] [49] [50] , and approximated elsewhere. There is some slight dependence of dE/dx on the material [41] that is included in our simulation, but the majority of the material specific dependence is contained in the density. The layout of CMS is approximated as a series of coaxial cylindrical shells shown in Table 1 [51] . In Fig. 7 , we show the positions where simulated E -like quirks with m E = 500 GeV and Λ IC = 1 keV stop in the CMS detector. At this confinement scale, there are no regions within the detector where the quirks achieve a terminal velocity.
B Energy Loss at the Atomic Scale
Once the size of the quirk bound state falls below 1Å ∼ 1/keV, the quirks can no longer be viewed as independently ionizing objects. The quirks dominantly stop in the brass material in the hadronic calorimeter, and we will assume that when the quirk string length is of order 1Å the quirk pair is bound to the material and no longer moves. In order to annihilate, the quirk pair must loose the remainder of its energy and angular momentum. In this appendix, we consider several energy loss mechanisms that may be important in this regime: radiation of infracolor glueballs, electromagnetic radiation, and induced currents in the material due to the oscillating electric dipole of the quirks. Table 1 . Details of the cylindrical CMS detector used in this study. ρ m is in g/cm 3 , all R and Z dimensions are in cm. An R min value of η = 3 implies that for a given value of Z, the inner radius is set where η = 3. Outside of the beampipe vacuum, everywhere not mentioned in this table, notably the muon system drift chambers, is assumed to consist of air, ρ air = 0.001165 g/cm 3 and ζ = 1.
B.1 Infracolor Glueball Emission
The energy lost through the non-perturbative emission of infracolor glueballs is important when the impact parameter b Λ −1
IC . Impact parameters of this size are achieved when angular momentum is not too high
This can be compared to the maximum angular momentum at 1Å of
Just as the forward motion of a quirk pair is drained more quickly than the internal motion, once the system slows, acquired angular momentum is drained much more quickly than the internal energy, so that J J max appears to be generic by the time the quirks are within oneÅ of each other. On the other hand, this is in part an artifact of approximating the ionization energy loss as a classical friction. A full simulation must take into account the fact that the individual ionization interactions will give the quirks a momentum transfer transverse to their motion that cancels out only on average. We have not attempted to model this effect. We can parameterize the emission of infracolor glueballs by assuming that at each classical crossing, the quirks have a probability emit to emit Λ IC of energy into infracolor glueballs, so that 
Across our parameter range of interest, τ linear + τ Coulomb 1 ns unless emit is very small. However, this depends crucially on the impact parameter being small enough for infracolor glueball emissions to happen at all. While for Λ IC keV, this is almost certain to be the initial state once the quirks stop, for Λ IC ∼ MeV, it seems less likely. Once the size of the quirk pair drops into the Coulomb regime b < r ∼ Λ −1 IC , the emission of infracolor glueballs should become an effective way to radiate the remaining energy.
B.2 Electromagnetic Radiation
The quirks form an oscillating dipole that radiates away electromagnetic energy. In estimating this effect, it is important to take into account the effects of the conductor on electromagnetic radiation. We will use the Drude model, which assumes that conduction electrons can be described by drifting electrons with a phenomenological damping force due to collisions of the electrons with the lattice. That is, the current density in the conductor is given by 8) where the drift velocity v d satisfies the equation of motion
The phenomenological collision time is τ c ∼ 10 −14 s in copper, and we assume this value holds for the brass in the EM calorimeter. The effects of the magnetic field will be negligible for fields produced by non-relativistically moving quirks, and so we have is the conductivity of the conductor. Electromagnetic plane waves in this material have the complex dispersion relation
For ω 1/τ c , this is approximately 8
For typical metals,τ ∼ 10 −18 s τ c , and since 1/τ 1/τ c ω, k 2 is nearly pure imaginary. This means that the real and imaginary parts of k are nearly equal, and the electromagnetic wave is attenuated on a length scale equal to its wavelength. In the opposite limit, ω 1/τ c we have
For ω 10 16 s −1 , k is nostly real, so that EM waves will propagate freely in the material. This corresponds to confinement scales of Λ IC 100 keV. Also, for photons with E γ 10 eV (Λ IC 30 keV), the photons are high enough energy to eject bound electrons in brass via the photoelectric effect. We conservatively include EM energy loss only for confinement scales above 100 keV.
The frequency of quirk oscillation, and thus of the emitted photons, is
so for confinement scales Λ IC keV ≈Å −1 , the energy lost via radiation of photons can be described using the Larmor formula [3, 52] ,
Since Λ IC Å −1 , the potential begins in a linear regime V (r) ∼ Λ 2 IC r, where the quirks experience a constant acceleration, a = Λ 2 IC m −1
Q . The time required to lose ∆E ∼ Λ 2 ICÅ of energy stored in the 8 Note that the phase velocity is larger than c
but the group velocity is vg = ∂k ∂ω
string in order to enter the Coulombic region of the potential is
Once the quirk pair has shrunk to r Λ −1 IC , the bound state is in the Coulombic regime, where V (r) ∼ −α IC (r)/r. The acceleration can be written in terms of the binding energy B = −V (r),
The time to drop to the ground state (
As this integral is dominated by small B, we can use that α IC (Λ IC ) ∼ 1 to approximate
which is always less than τ linear .
B.3 Induced Currents
A stopped quirk pair can also lose energy via interactions with the conductor that surrounds it. We will consider energy loss due to the generation of an oscillating current within the material induced by the oscillating electromagnetic field generated by the quirks. The oscillating dipole field will give rise to a current in this conductor, which in turn will give rise to energy loss via Ohmic losses. If we view the quirk pair as oscillating in a vacuum bubble of radius 1Å surrounded by a large volume of brass, see Fig. 8 , we will see that the physics of this system can be viewed as a driven RLC circuit. There are other mechanisms for energy loss that we will not consider, e.g. exciting phonons or ejecting bound electrons.
To get a rough estimate of the energy losses due to induced currents in the conductor, we model the quirk as being in the center of a conducting cavity with radius a ∼ 1Å. This cavity is intended as a crude model of the short-distance cutoff of the continuum description of the conductor due to the atomic structure of the material. The electric fields in the material will induce a surface charge density on the boundary, which will screen the electric field inside the conductor. The quirks are non-relativistic, so we can describe the electric field generated by them using a potential, and neglect magnetic fields. We assume that the potential inside the cavity can be described by the potential Φ = Φ d + Φ s , where 22) where d = qR is the quirk dipole moment, andd is an "image" dipole moment that parameterizes the screening due to the electric charge induced on the boundary of the conductor. Here θ is the angle measured from the dipole moment direction. To justify this, note that ford = d this potential describes the potential of a static dipole in a conducting cavity with Φ = 0 on the boundary. The electric potential inside the conductor is then determined by
The screening charge density is given by the discontinuity of the electric field at the boundary:
The screening charge is determined by the flow of current in the conductor, which is in turn sensitive to the screening. We are interested in the case where all quantities oscillate with frequency ω. (The motion of the quirks is periodic but not sinusoidal, however, it is an adequate approximation to estimate the energy loss for the dominant frequency ω ∼ 2π/T , where T is the period.) The current inside the conductor is then
and we assume that the surface charge density ρ s on the boundary is given by (B.28)
Note that this vanishes in both the limits ω → 0 and ω → ∞. In the ω → 0 limit, the screening charge completely shields the electric field inside the conductor; in the ω → ∞ limit, the rapidly oscillating field does not allow the drift electrons to move far, and the induced current again vanishes. The physics of this system can be understood as an RLC circuit. The oscillating quirk dipole creates a potential difference on the boundary of the conductor IC Radiation EM Radiation Induced Current Figure 9 . The different contributions to the de-excitation time through energy loss. Below Λ IC ∼ keV ∼Å −1 , the infracolor glueball radiation dominates and leads to prompt annihilation. Above 1 keV, the impact parameter becomes too large and infracolor glueball radiation ceases (indicated with the dotted line). Similarly, below Λ IC ∼ 100 keV, the conductor will screen propagating waves and our calculation may not be reliable. Induced current losses dominate until 300 keV when electromagnetic radiation losses become more important. Importantly, across the entire range, τ de-excite 10 4 s, where the stopped particle search begins to lose sensitivity due to very long particle lifetimes [34] (below dashed black line). For Λ IC 100 keV, the stopped particle searches may become more sensitive than the results predicted here (above dashed brown line).
Using dE = Λ 2 IC dx, the time to de-excite to the point where infracolor glueball emission is efficient is, In the most pessimistic case of Λ IC = MeV, this results in a de-excitation time of τ de-excite ∼ 3 ms, but is typically much lower. For confinement scales Λ IC < 200 keV, τ de-excite µs, the timescale where de-excitation can be viewed as prompt.
B.4 Summary
The treatment of energy loss of a stopped quirk bound state is highly uncertain. The results of this appendix are summarized in Fig. 9 . One important conclusion that is reliable is that the combination of effects discussed here will ensure that the lifetime of such a bound state is shorter than 10 4 s, so that the stopped particle search is efficient. Infracolor glueball emission and interactions between the quirks and the material may well give much more efficient energy loss mechanisms, but they are subject to large uncertainties. We therefore make the conservative assumption that the time for a stopped bound state to de-excite is prompt. We note that this may be significantly underestimating the reach, especially for the larger values of Λ IC we consider. A better understanding of these mechanisms would be very useful in interpreting the results of this search, but we will not pursue this here.
